Introduction
Zeolitic imidazolate frameworks (ZIF) are as ubclass of metalorganic frameworks (MOF) [1] [2] [3] [4] formed from imidazolate linkers and metal cations,l inked together into three-dimensional zeolitic frameworks. [5] [6] [7] [8] Like MOFs, ZIFs feature tunable nanoporosity (e.g.,b yc hanging the size of their linker), structuralf lexibility (dictated by relativelyw eak coordination bonds and intermolecular forces), and versatility of their inner surface (through functionalization of the organic ligand). They also feature strengthstypical of the zeolitesfamily,int erms of thermal, mechanical and chemical stability.F inally,d ue to the large diversity of four-connected nets, over 100 different ZIF structures have been reported so far,w ith many more potential structures existing within as mallr ange of enthalpy of formation. [9] [10] [11] ZIFs present ag reat potentialf or applications such as gas capture (CO 2 in particular), [12] sensing, [13] encapsulationa nd controlled delivery, [14] and fluid separation. [15] [16] [17] [18] ZIF-8, in particular, is commercially available, hasb een widely studied,a nd has excellent performance at lab scale for the separation of many strategic mixtures, including C 2 /C 3 hydrocarbons, CO 2 /CH 4 ,C O 2 /N 2 ,b iobutanol fermentation mixture, phenolic isomers, etc. It is al ow density porousf ramework with the sodalite (sod)t opology and chemical formula Zn(mim) 2 ,w here mim = 2-methylimidazolate( see Figure 1 ). It features large spherical cages, called sodalite cages, separated by 6-ring windows of small aperture ( % 3.4 diameter as determined from the crystallographic structure), and 4-rings that connectd ifferent cages. It has high thermal, mechanical and chemicals tability, [5, 19] and can be readily assembled into membranes [20] or form thin films. [21] It undergoes amorphization under mechanical pressure [22] or ball milling. [23] Moreover,s tudies have highlighted that ZIF-8 exhibits some flexibility of its framework in the form of at orsional motion of its imidazolate linkers, ap henomenon called the "swing effect". Both experimentala nd theoretical works on ZIF-8 have noted ad iscrepancy between experimental resultso fg as adsorptiona nd diffusivity,a nd the values that could be predicted from molecular simulations in rigid structures or simple considerations comparing the ZIF-8 window size and the adsorbates' kineticd iameter. [24] This ability of molecules larger than the geometricw indow size to diffuse through the ZIF-8 framework was attributed to flexibility of the structure. [25] The best-documented evidence of this effect was the computational characterization of self and transport diffusion coefficients of methane, ethane, ethylene, propane, propylene, n-butane, and 1-butene, by the Sholl group. [26] By comparing simulation results to experimental transport properties, the authors showed that framework flexibility plays ac ritical role in accurately describing molecular diffusion.
Moreover,t here is ample direct evidence of as tructural transition occurring in ZIF-8 upon loading,f irst reported by Moggach et al. in an high-pressure experiment using am ethanol/ ethanol mixture as hydrostatic medium. [27] They demonstrated that at ap ressure of 1.47 GPa, the intrusion of methanolm olecules into the ZIF-8 nanopores triggersareversible single-crystal to single-crystal structuralt ransition. The "high pressure" (or HP) phase has the same space group (I4 3m)a sZ IF-8, as lightly larger unit cell volume( 4974.8 3 vs. 4900.5
3 ), and exhibits a reorientation of the imidazolate linkers, which open the 6-ring windows.I nl ater work, Fairen-Jimenez et al. [28] demonstrated by in situ powder XRD measurements that the HP phase of ZIF-8 can also be observed upon adsorption of N 2 at 77 K. These authors also demonstrated that the stepped N 2 adsorpZeolitic imidazolate framework ZIF-8 displays flexibility of its structureb yr otationo fi ts imidazolate linker.T his "swing effect" has been widely described in the literature,both experimentally and theoretically,a sabistable system where the linker oscillates between two structures:" open window" and "closed window". By using quantum chemistry calculations and first-principles molecular dynamics simulations, it is shown that the deformation upon adsorption is in fact continuous upon pore loading, with thermodynamics of packing effects being the reason behind stepped adsorption isotherms experimentally observed. Finally,w es tudy av ariant of ZIF-8 with ad ifferent linker,h ighlighting the influence of the linker and the balance of microscopicinteractions on the framework's flexibility.
tion isotherm (at 77 K) could not be explained by Grand Canonical Monte Carlo (GCMC)s imulations in ar igid "ambient pressure" (AP) ZIF-8 structure. They showed, on the contrary, that its lower pressure part matches the GCMC simulations performed in the AP structure, while the saturation uptake corresponded with GCMCs imulations in the (rigid) HP structure.
Some of the same authors later studied adsorption of CO 2 , CH 4 ,a nd longer alkanesi nZ IF-8, at temperatures between 120 and 300 K. [29] While no clear step can be seen on these experimental isotherms, they used GCMCs imulations and Density FunctionalT heory (DFT) calculations to prove that adsorption could not be fully described by theA Ps tructure only,b ut that two different structural configurations (AP and HP) of ZIF-8 are neededt op roperly describe the adsorption performance of this material. In particular, they demonstrated that the HP structurep resentsa na dditional adsorption site within its 4-ring window.
Finally,a nother study provided high-resolutiona dsorption and desorption isotherms of CO, N 2 ,O 2 and Ar at 77 and 90 K, which all exhibit multiple steps as well as ah ysteresis loop in the higher-pressure step. [30] As in the earlier work on N 2 ,A nia et al. compared thesee xperimental isotherms to GCMCc alculations performed on the rigid AP and HP structures, and attributedt he steppeda dsorption behavior to the packing arrangementoft he guest molecules, as governed by polarizability,molecular size and shape of the gases.
However,w hile the thermodynamics ande nergetics of the ZIF-8 swing effect have been studied from the energetics and thermodynamics of adsorption in the two crystallographic structures AP and HP,l ittle has been said of the nature of this structuralt ransformation, what happens in between,a nd what is the dynamics of imidazolate linker swing motion in the material in the presenceo fa dsorbate. To our knowledge, no experimental data or molecular simulation on the single-crystal to single-crystal AP!HP transformation has determined whether it is ac ontinuous deformation of the ZIF-8 structure, a phase transition between metastable phases of the material (like the MIL-53 breathingt ransition, for example), or a" gate opening" phenomenon.
Finally,t here is little information in the literature about the swing effect of the imidazolate linkers in other ZIFs of the sod topology,a nd the possible influence of linker functionalization on the framework dynamics. In the case of ZIF-7, aZ n(benzenimidazolate) 2 framework with great separation potential, the existence of as tructural transformation was established by Aguado et al., [31] and van den Bergh et al. [32] were able to give some microscopic insight into the energetics of adsorption of hydrocarbons in ZIF-7. Zhao et al. [33] determined the crystallographic structureo fZ IF-7-II, obtained from ZIF-7 upon solvent evacuation, and showedt hat ad ense phase with the same topology,Z IF-7-III, can also be triggered in the presence of water.L ater,D ue tal. showedt he existence of ah igh-temperature transition, and elucidated the interplay between temperature effects and CO 2 guest adsorption by establishing the phase diagram of ZIF-7 in (T, P CO2 )p arameter space. [34] Finally,t he Hupp group [35] was able to obtain aZ IF of sod topology with unsubstituted imidazolate (im)a sl inked through solvent-assisted linker exchange:t he resulting material, SALEM-2,i ncorporates as much as 85 %o fim versus mim. This change in the linker,w hile it has no bearing on the framework, appearst oh ave an impact on the N 2 adsorptionp roperties. However,n od etailed study of the imidazolate swing effect at the microscopic level has been performed.
In this paper,Il ook at the nature of the ZIF reorientation transition, and in particular whether it is at ransition between two metastable phases of ZIF-8, ac ontinuous adsorption-induced deformation,o ratype of adsorbate-induced gate opening. [36] In order to bring microscopici nsighti nto the transition, it is studied at the atomistic scale in terms of both energetics as well as thermalm otion,w ith and withouta dsorbates. Because this effect is expected to be particularly difficult to capture with classical force fields and the strong assumptions they make on interatomic interactions, the issue is addressed through quantum chemistry simulations, using both zero Kelvin energy minimizationsa nd finite temperature molecular dynamics.
Results and Discussion

Quantum Chemistry Calculations
First, Iperformed quantum chemistry calculations startingf rom the experimental AP and HP structures, optimizing each structure's geometry-both atomic positions and unit cell parameters-in the absence of guests. The ZIF-8 AP structure is fairly well reproduced (see Ta ble 1), but the HP structure spontaneously relaxes into AP,w ith extremely good precision.T hus, HP is not am etastable structure for the bare ZIF-8, that is, not a local minimum in the energy profile of the material. This is in contrast, for example, with adsorption-induced transitions such as the "breathing" transition in the MIL-53 family. [37] Then, It ried to see if the HP structure could be observed by applying pure (isotropic) mechanical stress to ZIF-8. To mimic the effect of adsorption-induced stress near saturation uptake (i.e. at large loading), where the HP structure is experimentally observed, Is tudied the effect of negative (outward) pressure on ZIF-8. Startingf rom the relaxed AP structure, an isotropic stress is applieda nd the deformation is measured (see Figure S1 ). Al inear elastic domain is found up to P = À1.5 GPa, and the unit cell volumeo ft he HP phasew ould correspond to an isotropic pressure of P = À0.3 GPa.H owever, imposing an isotropic stress on ZIF-8 does not lead to imidazolate reorientation, but on the contrary,t he unit cell expands homogeneously,w ithout any "swing" of the linker.T he AP-HP transition is thus not due merely to an isotropic stress.
First Principles MD of Guest-free Host
In order to look at the nature of thermal motion of the imidazolate linker,Ir an first-principlesM Ds imulations of the empty AP ZIF-8 structure in the (N, V, T)e nsemble, at temperatures of 77, 150 and 300 K. The spontaneous" swinging"m otion of the imidazolate linkers is observed in all three trajectories. It is then characterized by the dihedral angle f Zn 3 -Zn 2 -Zn 1 -CH 3 of the imidazolate around the Zn 1 -Zn 2 axis (see Figure S4 ), where the "reference" of 08 is the 6-ring of Zn (i.e. the window connectingt he cages). In the crystallographic AP structure, the window is not perfectlyp lanar (f % 78), while in the crystallographic HP structure, f % 358.F igure 2s hows histograms of values taken by f duringo ur dynamics, where the thermallyactivated swinging motions are seen to increase in amplitude with temperature: % 158 at 77 K, % 208 at 150 Ka nd % 258 at 300 K. However,t he distribution is in all cases centered around f = 08,a nd never reaches the value of 358 observed in the HP structure.
On the lower panel of Figure 2 , we see the potential of mean force (PMF) as af unction of dihedral angle, F(f) = ÀkT log P(f), obtained from the histogramsa bove. The profiles obtained at different temperatures coincide and the free energy is quadratic, which showing that the "thermals winging motion"s een in the empty host is as oft vibration mode of wide amplitude. The frequency of vibration, as calculated from the MD simulations, is very low at n swing = 60(AE 10) cm À1 .T he nature of this motion is in good agreement the experimentally observed peak at 1.95 THz by terahertz time-domain spectroscopy, [38] and with the low-frequency terahertz vibrations observede xperimentally in guest-free ZIF-8 by inelastic neutron scattering at room temperature, and studied by static DFT calculations in the limit of the harmonic regime. [39] The same modes were also shown to be linked to the know shear-instability of ZIF-8, and its pressure-induced amorphization through shear softening. [40] Moreover,t he study of the correlationsb etween the motions of the variousm ethylimidazolate linkerss hows that they are totally uncorrelated-as is reflection on the matrix of correlation plots at 77 Ks hown in Figure S2 . We also see from Figure2 that the energyn eeded to bring one imidazolate linker from 08 to 358 is % 15 kJ mol
À1
.T hat value is of the same order of magnitude as adsorption enthalpies, explains why guest adsorption can trigger such al arge swing motion of the ZIF-8 imidazolate linker,c ompared to the amplitude of thermal motions. 
Grand Canonical Monte Carlo
It hen performed grand canonical Monte Carlo simulations of N 2 adsorption in ZIF-8, using the two crystallographic structures AP and HP ( Figure S3 ). These confirmed the findings by Düren et al. [28] that while GCMC isothermsi nt he AP structure describe reasonably the first part of the isotherm, they fail to reproduce the saturation uptake, which is on the other hand reasonably described by GCMC simulations using the HP structure. However,i ti sc lear from the higher-resolutions isotherms published by Calero et al. [30] that the in the intermediate pressure range, neither the isotherm of the rigid AP or rigid HP structures reproduce the experimental results. In addition, GCMC simulations were also performed at high loading in using two hypothetical structures:o ne with the AP atomic positions but HP unit cell parameters, and one with HP atomic positions but AP unit cell parameters (red and pink points near P = P 0 on Figure S3 ). The purpose of these is to check whether the adsorption properties of the two phases are dominated by their linker positions or the total unit cell volume. We can see that the effect of unit cell volumec hange is marginal, confirming that the main effect is that of the swing of the imidazolate linkers.
First-principles MD with Guest Molecules
The behavior of ZIF-8 at intermediate N 2 loading was then investigated by meanso ff irst-principles molecular dynamics. Startingc onfigurations weret aken from GCMC simulations, with 11,2 7, 41, and 49 N 2 molecules adsorbed per unit cell, at at emperature of 77 K. From the analysiso ft heset rajectories, Figure 3p resents the histograms of the imidazolate swing angle f,f or all four loadings and compared to the empty host. We see that at low loading (11N 2 ), the adsorbed molecules have limited effect on the imidazolate linker,i ncreasing slightly the amplitude of swing motions( with ah alf-width going from 88 to 128)b ut the distribution remains centered near 08.A t higher loading (27, 41 , and 49 N 2 molecules), we see an important change in the nature of the distribution of swing angles: its maximum shifts from % 08 to 148,2 0 8,a nd 258 (for 27, 41, and 49 guest molecules, respectively). This is the manifestation of the opening of the windows,w hich occurs as ag radual transformation of the ZIF-8 structure upon adsorption, from the guest-free metastable AP structure to ag uest-loaded HP structure with open windows.I tc ontrasts with the previous picture of an abrupt,f irst-order adsorption-induced transition [28, 41] between preexisting phases of the bare ZIF-8 framework. This is consistentw ith our quantum chemical calculations, which show that the HP structure is not metastable in the absence of guest molecules. It is also in good agreement with recent indirect experimental evidence obtained by 2 HNMR [42] and later by in situ inelastic neutron scattering, [43] showingt hat the linker swing motion is retained at full loading-although the exact nature of the transition and behaviour at intermediate loading was not detailed. It should be noted that at all loadings simulated, af ew eventso fd iffusion of N 2 through the six-ring windows of ZIF-8 are observed. From the "rigid" AP structure, N 2 diffusion is not expected from geometricc onsiderations, as the window diameter of 3.4 is smaller than the N 2 kinetic diameter of 3.6 . Thus, this shows that even a" small" swing amplitude (of the order of 158)i se nough to allow rather "fast" diffusion of N 2 in the pores of ZIF-8, which is observed twice in a18psdynamics at 77 K. Furthermore, Ia nalyzed the spatial distribution of N 2 molecules adsorbed at loadingso fN = 41 and N = 49 molecules per unit cell. In order to get the necessary statistics, GCMC resultsw ere used for that analysis. They confirm that the openingo ft he ZIF-8 windowa llows for ad enser packing of N 2 ,w ith the possibility of having 2m olecules per window (at N % 49 in the HP structure) against only 1m olecule per window (at N % 41 in the AP structure). This packing effect can explain the observed steps on the experimental adsorption-desorptioni sotherms, [27] [28] [29] [30] similarly to what has been demonstrated for other flexible porous materials in both theoretical [44, 45] and experimental [46] works.
Linker Functionalization
Finally, Is tudied the influence of the nature of the ZIF-8 linker by comparingt he swing motions of ZIF-8 (whosel inker is 2-methylimidazole) with aZ IF with the same sodalite (sod)t opology but built on an unsubstituted imidazolate linker-a structure similar to that of materialS ALEM-2, obtained from ZIF-8 by post-synthetic exchange of the linkers. [35] Quantum chemicalc alculations show that in SALEM-2 the most stable structure stillr esembles the AP structure, with as wing angle close to zero. However,m olecular dynamics at 77 Kr eveals (Figure 4 ) that the swing motions are of am uch larger amplitude for SALEM-2 than for ZIF-8. In fact, at 77 K, the "thermal" swing motion goes all the way up to 358 (instead of 158 for ZIF-8).T he free energy required for ar otation of the linker from 08 to 358 is am ere3 .5 kJ mol À1 for SALEM-2,c ompared to 15 kJ mol À1 for ZIF-8. This "extra" stabilization of the "AP" structure of ZIF-8 (compared to its unsubstituted variant) can be ascribed to thed ispersive interactions between the methyl Figure 3 . Histograms of the swing angleoft he imidazolate linkers, for ZIF-8 with various quantitieso fN 2 adsorbed at 77 K. ChemPhysChem 2017 ChemPhysChem , 18,2732 ChemPhysChem -2738 www.chemphyschem.org 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim groups andt he neighboring windows, which favor the inplane configuration. As ac onsequence, Ip redict that the "swing effects" in SALEM-2 are much less severe, if they are visible at all, than in ZIF-8. This also shows that the "swing effect" of ZIF-8, which were studied here, is not au niversal phenomenon for ZIF structures, but linked to the specific nature of the ZIF-8 framework.
Conclusions
In conclusion, combined quantum chemistry calculations and first-principles molecular dynamics simulations demonstrate that the "swing effect" or "windowo pening" in ZIF-8 is in fact ag raduala dsorption-induced deformation of the ZIF-8 framework. The "open window"( or "high pressure") structure is not metastablei nt he absence of adsorbate, and the openingt ransition is continuous and not of the first order( as was suggested in prior literature). This gradual deformation leads to stepped isotherms in somec ases because of packing effects of the adsorbed phase. Experimentally,s tepped isotherms have been observedf or small molecules at low temperature,w hichi se xactly when such packing effects can be expected to dominate (dense and well-organized adsorbed phases). Thus,G CMC simulationsa tf ixed volumes, even when considering two (AP and HP) or more phases, are not well-suited to study guest adsorption in ZIF-8. Studiesi nt he osmotic ensemble are required for ac omplete thermodynamic descriptiono fa dsorption.F urthermore, it is shown that extent of the swinging motionso ft he imidazolate linker depend largely on the microscopic nature of the linker,a nd predict that the "swing effect" would be much less important on aZ IF-8 with unsubstituted imidazole linker. This opens the way to fine-tuning of the ZIFs' adsorption and permeation properties by chemicaltuning,p re-or post-synthesis, of their linkers. First-principlesm olecular dynamics is a useful tool to investigate the microscopicb ehavioro ft hese soft porous materials andp redict the impact of adsorbates on their structure.
Computational Methods
Quantum Chemistry Calculations
The structures of all MOF materials considered were fully relaxed by optimizing both atomic positions and unit cell parameters simultaneously,s tarting from the experimental crystallographic structure. First-principles calculations were performed in the density functional theory approach with periodic unit cell, full use of the crystal'ss ymmetry elements and localized basis sets as implemented in the CRYSTAL14 code. [47] The B3LYP hybrid exchange-correlation functional [48] was used, with empirical correction for the dispersive interactions following the Scheme of Grimme. [49] All electron basis sets were used for all atoms:H( 3-1p1G), C( 6-31d1G), N (6-31d1G) [50] and Zn (86-411d31G). [51] The accuracy of this methodology is now well established for the calculation of MOF and ZIF structures, their relative energies, [52] and elastic constants. [53, 54] Unit cell parameters obtained for ZIF-8 was 16.86 (vs. 16.99 experimentally), [5] while for SALEM-2 it is 17.01 (experimentally 16.83 ) [35] -although that latter experimental value was determined not for ap ure imidazolate-based SALEM-2 but for am ixedligand ZIF of composition Zn(im) 1.7 (mim) 0.3 .C alculations were repeated with the PBESOL0 exchange-correlation functional, and the conclusions were identical. After full optimization in the crystal's symmetry group, negative frequencies remained corresponding to the free rotation of the ZIF-8 methyl top.
First-principles Molecular Dynamics
First-principles molecular dynamic (FPMD) simulations of the ZIF-8 and SALEM-2 empty frameworks, as well as the ZIF-8 framework with various quantities of adsorbed N 2 ,w ere performed with BornOppenheimer dynamics based on density functional theory for the calculation of atomic forces. They were carried out using the QUICKSTEP/CP2K package, [55] which is based on ah ybrid Gaussian plane-wave approach combining aG aussian basis for the wave functions with an auxiliary plane wave basis set for the representation of the density. [56] The gradient-corrected BLYP functional [57, 58] was employed with empirical correction for the dispersive interactions using the Grimme "D3" method. [59] The cutoff for the density plane-wave basis set was set to 400 Ry at the finest level, and double-z valence polarized (DZVP) basis sets were used for all atoms.
All molecular simulations were performed using periodic boundary conditions on as ingle unit cell of the material (ZIF-8 or SALEM-2). Hydrogen atoms were deuterated to allow for al arger time step (0.5 fs) in the integration of the equations of motion. Simulations were run in the canonical ensemble (N,V,T), and the temperature was controlled by aN osØ-Hoover thermostat chain. [60] For each simulation, an initial equilibration period of 5psw as used, with a thermostat time constant of 400 fs, before aproduction run lasting 15 to 25 ps, during which the thermostat time constant is set to 1000 fs. Results were then checked against shorter (N, P, T)r uns (10 ps, with 250 fs thermostat time constant and 1psb arostat time constant) to validate the little influence of the unit cell volume change on the results obtained. For example, for the empty ZIF-8 framework at 77 K, constant-pressure simulations found an average unit cell parameter of 16.94 (vs. 16 .86 for the energy-minimized structure).
From the molecular simulations, the dihedral angle f was used to characterize the swing of each imidazolate linker (Zn3-Zn2-Zn1-CH 3 ;s ee Figure S4 ). The frequency of the swinging motion n swing was then calculated from the trajectories, by Fourier transform of 
Grand Canonical Monte Carlo
To characterize the thermodynamics of adsorption of N 2 in the rigid ZIF-8 AP and HP structures, force field-based Monte Carlo simulations were performed in the grand canonical ensemble. The N 2 molecules were described by ar igid two points and three charges TraPPE model. [61] The ZIF-8 structure was described as in Ref. [62] .T hese force field parameters are presented in the Supporting Information. Lorentz-Berthelot rules were used to calculate ZIF-N 2 Lennard-Jones parameters. Series of GCMC simulations were performed at various values of N 2 fugacity,w hich was then related to gas pressure by the ideal gas law.L ong-range electrostatic interactions were taken into account using the Ewald summation technique. In order to improve the efficiency of the calculations, electrostatic and repulsion-dispersion interaction energies between the rigid ZIF-8 framework and adsorbed N 2 molecules were precomputed on ag rid (with ag rid mesh of 0.1 )a nd stored for use during the simulation.
